The poor corrosion resistance of biodegradable magnesium alloys is the dominant factor that limits their clinical application. In this study, to deal with this challenge, fluoride coating was prepared on MgeZn eCa alloy as the inner coating and then hydroxyapatite (HA) coating as the outer coating was deposited on fluoride coating by pulse reverse current electrodeposition (PRC-HA/MgF 2 ). As a comparative study, the microstructure and corrosion properties of the composite coating with the outer coating fabricated by traditional constant current electrodeposition (TED-HA/MgF 2 ) were also investigated. Scanning electron microscopy (SEM) images of the coatings show that the morphology of PRC-HA/MgF 2 coating is dense and uniform, and presents nano-rod-like structure. Compared with that of TED-HA/MgF 2 , the corrosion current density of Mg alloy coated with PRC-HA/MgF 2 coatings decreases from 5.72 Â 10 À5 A/ cm 2 to 4.32 Â 10 À7 A/cm 2 , and the corrosion resistance increases by almost two orders of magnitude. In immersion tests, samples coated with PRC-HA/MgF 2 coating always show the lowest hydrogen evolution amount, and could induce deposition of the hexagonal structure-apatite on the surface rapidly. The results show that the corrosion resistance and the bioactivity of the coatings have been improved by adopting double-pulse current mode in the process of preparing HA on fluoride coating, and the PRC-HA/ MgF 2 coating is worth of further investigation.
Introduction
According to previous in vitro and in vivo research, magnesium alloys are considered as promising bone implant materials for the similarity to sclerotin in mechanical properties and its degradable nature [1e4] . However, early clinical trials report that the rapid degradation rate results in Mg alloy losing mechanical integrity potentially during implantation period [5e7]. Thus, fabricating protective coatings is a promising approach to enhance the corrosion resistance and biological compatibility of Mg alloy [8e11] .
Magnesium fluoride (MgF 2 ) coating has been selected as the protective coating due to the non-toxicity, chemically inertness and its simple preparation process [12] . In order to enhance the corrosion resistance and bioactive property of magnesium alloys, many researchers use magnesium fluoride as the intermediate coating and bioactive coating as an outer coating to modify the surface of magnesium [13] . H.R. Bakhsheshi-Rad manufactured HA on magnesium fluoride coating by traditional constant current electrodeposition, and the corrosion resistance is improved as compared with that of separate HA coating [14] . However, during the experimental process, it is found that HA coating prepared on magnesium fluoride coating by TED was loose, uneven and defective. Magnesium fluoride coating has a relatively poor electrical conductivity, which may lead to the uneven distribution of the charges during the preparation process of HA. In addition, concentration polarization in the TED process may aggravate the uneven phenomenon of HA coatings. According to previous research, pulse reverse current (PRC) is capable of generating coating with higher density and stronger anchoring strength compared to constant current electrodeposition [15e17] . Furthermore, if adopting the PRC for depositing HA on fluoride coating, the fluoride coating may be slightly decomposed, and the released F À would affect the nucleation and growth of HA [18, 19] . It is reported that F À ions doped in hydroxyapatite could provide better degradation property, better protein adsorption, better cell attachment and improved alkaline phosphatase activity in cell culture [18, 20] . Therefore, it is expected that fabricating HA coating on fluoride coating by PRC could improve the biocompatibility and corrosion resistance of the specify Mg-2.1Zn-0.22Ca alloy.
In this study, we succeed in depositing PRC-HA on fluoride coatings supported on Mg-Zn-Ca alloys by PRC electrodeposition. The surface characteristics and the corrosion resistance of PRC-HA/ MgF 2 coatings are studied. For comparison, TED-HA/MgF 2 coatings and bare Mg-Zn-Ca alloy substrate are also evaluated.
Experimental

Preparation of fluoride coatings
As-cast Mg-2.1Zn-0.22Ca alloy prepared in our laboratory was extruded with an extrusion ratio of 25, cylindrical specimens of 5 mm in height and 12 mm in diameter were machined from the extruded material. The samples were grounded and polished with successively finer SiC papers up to 1000 grit, ultrasonically cleaned in acetone and ethylalcohol mixed solution for 10 min. For conversion treatment, the samples were immersed vertically in a plastics bottle containing HF of concentration 40% at room temperature for 24 h. Then the treated samples were rinsed with deionized water and dried in air. During the experiment, appropriate personal protection equipment, including gloves and mask, should be worn while handling the material to avoid the harmful effects of HF.
Synthesis of CaeP coatings
CaeP coating was prepared using the electrochemical workstation (RST5200, KeRui Instruments, Gongyi, China). A graphite plate was used as the anode and the samples coated with the fluoride coating served as the cathode. 3 CNH 2 ) were used to adjust the pH to 5.0. The electrodeposition was carried out at 80 C in a water bath for 20 min. PRC parameters for the deposition process was optimized in previous studies in our laboratory [21] . The TED process was carried out in galvanostat mode and the cathodic current density was maintained at 1 mA/cm 2 for 20 min. Magnetic stirring was controlled at 25 rpm to keep the concentration uniform. After deposition, the specimens were rinsed in distilled water, and then dried in air.
Coating characterization
The crystalline phase of the fluoride coating and composite coatings were identified with X-ray diffractometer (XRD philips 1700X, philips, Netherlands) using Cu Ka1 radiation (at a scan rate of 2 /min). The morphologies of the coatings and the cross-section of the composite coating were examined by scanning electron microscope (SEM Quanta-200, FEI, Netherlands) equipped with EDS (energy dispersive X-ray spectroscopy). The growth morphologies of the Ca-P coating were identified by another scanning electron microscope (SEM JSM-6700F, JEOL, Japan). The functional groups of the coatings were analyzed using a fourier-transformed infrared spectrophotometer (FTIR 5700, Nicolet, America).
Ion chromatography
In order to investigate the effect of different electrodepositon mode on fabricating HA on fluoride coating, the electrolyte nearby the working electrode was collected after deposition for 10 min and the ion concentration of F À of the electrolyte was measured with ion mass spectroscopy (ICS1500, DIONEX, America).
Electrochemical studies
Electrochemical tests were carried out using a classical three electrodes cell with a platinum rod as the auxiliary electrode, a saturated calomel electrode as the reference electrode and the samples as the working electrode. The simulated body fluid (SBF) was prepared according to previous studies [22] . The electrolyte was buffered at pH ¼ 7.4 using tris-hydroxymethyl aminomethane ((HOCH 2 ) 3 CNH 2 ) and hydrochloric acid (HCl), kept at 37 C. The sample area exposed to the solution was 1 cm 2 . The measurements were carried out at a scan rate of 0.5 mV/s using an electrochemical station and the sample was kept in the solution for 1 h before polarization tests to establish the open circuit potential.
Immersion test
Different kinds of samples were carefully embedded into silica gel with only one side of 1 cm 2 exposed. Then samples were immersed in 20 ml SBF in sterilized bottle in a water bath at 37 C for 15 days. For hydrogen evolution test, the record time interval was lengthened with the proceed of immersion test. After immersion, the samples were rinsed with distilled water and dried in vacuum drying oven for 2 h. The morphologies of the Ca-P coating after immersion for 10 days were observed by scanning electron microscope (SEM, Quanta-200).
Results and discussion
Microstructure and composition of the coatings
The SEM image and EDS result of the fluoride coating are shown in Fig. 1 . The fluoride coating is uniform and compact, and no microcrack is detected, which plays a very crucial role in the enhancement of corrosion resistance [23e25]. According to the EDS spectra of the fluoride coating in Fig. 1(b) , four elements are detected in the coating: magnesium, fluorine, oxygen and a small amount of Au. Au element was intentionally sprayed on the surface of samples before scanning process. O element may originate from the oxide of magnesium generated during the fluorination process. The presence of fluorine element indicates that fluoride coating has been successfully coated on Mg alloy surface.
SEM images of HA on fluoride coating prepared by different power sources are shown in Fig. 2 . Because of the concentration polarization, hydrogen evolution and poor conductivity of fluoride coating, the TED-HA/MgF 2 coating is uneven. The surface presents to be micro-flake-like structure, and many agglomerated parts appear on the surface with pores in the center. In biological environment, body fluid would infiltrate into the pores and induce fast corrosion of the substrates. The agglomerated parts are comparatively easy to shed off, which may result in inflammation during implantation periods [26] . By contrast, the PRC-HA/MgF 2 coating shows compact nano-rod-like structure and covers the fluoride coating surface completely. The diameter of rod-like crystals is ranging from 50 to 80 nm. Compared to flake-like coating, the rodlike coating would provide much better protection to the substrate due to the dense and uniform structure, and it may be more favorable for the deposition of apatite owing to the increased contact area with the surrounding fluid after implantation. Moreover, It is reported that nano-sized HA is more beneficial for bone cell adhesion and proliferation [27] . [31] . The silicon comes from silica gel, which is used to cover the non-work area of a sample. Na þ ions from NaNO 3 in the electrolytes could substitute Ca 2þ ions in the crystal structure of HA. In Fig. 3(b, a) The growth steps of flake-like HA coating have been studied [21] . The morphologies of PRC-HA/MgF 2 coating in different deposition periods are shown in Fig. 7 . It is apparent that the surface is completely covered by bamboo leaf-like crystals after deposition for 5 min and the crystals present a random orientation to the substrate. However, after deposition for 10 min, the morphology changes into typical nano rod-like crystals, and relatively grows along the c-axis. The formation mechanism of the rodlike HA is mainly as follows: in the initial period of the electrochemical deposition, very small amounts of F À ions existed in the electrolytes, which could not effectively influence the nucleation and growth of HA. As the electrochemical deposition proceeds, the more time the substrate works as the anode, the more F À ions are released from the fluoride coating. Thus a large number of F À ions in the electrolytes alternatively occupy the hydroxyl site in the aaxis of HA lattice and make the a-axis dimension contract owing to the smaller size of F À ions [31] . Therefore, HA crystals grow along the concentration gradient of the electrolyte. Additionally, owing to the influence of F À ions, the rod-like crystals could nucleate on the initial bamboo leaf-like crystals and relatively oriented along the caxis ( Fig. 7(a) ). Fig. 7 (c) simply shows the schematic drawing of coating growth.
Corrosion properties 3.2.1. Electrochemical test and hydrogen evolution test
Electrochemical test is a general method to evaluate the corrosion resistance of a sample. Fig. 8 (left) shows typical polarization curves of different types of samples in SBF. Corrosion potential (Ecorr), corrosion current density (Icorr) and corrosion resistance (Rp) are summarized in Table 1 . Ecorr and Icorr are derived directly from the polarization curves and Rp is calculated according to the reported equation [34] :
Research indicates that the corrosion resistance of a sample with coating is determined by its corrosion current density and resistance [35] . Compared with the TED-HA/MgF 2 coating, the nanorod-like coating effectively improves the corrosion resistance of the Mg-Zn-Ca alloy, with the corrosion current density decreases from 5.81 Â 10 À5 to 7.84 Â 10 À7 A/cm 2 and the resistance is improved by nearly two orders of magnitude. As is shown in Fig. 1(a) , TED-HA/MgF 2 coating is loose and defective. In biological environment, body fluid may seep into the cracks and pores of TED-HA/MgF 2 surface and corrode the substrate. Cracks on the surface would propagate under the stress and lead to coating shedding from the substrate, ultimately, accelerates the corrosion of the substrate. Meanwhile, as compared to TED-HA/MgF 2, the surface of PRC-HA/MgF 2 coating is compact and uniform, which may provide better protection for the substrate, thus inhibiting corrosive ions from entering into the inner substrate. The hydrogen evolution results of different specimens in SBF solution for a period of 15 days are shown in Fig. 8 (right) . The volume of H 2 released from the magnesium substrate increases rapidly with the extension of immersion time. Compared with that of substrate, the released rate of H 2 volume of coated samples seems to be constant and less. Compared with TED-HA/MgF 2 coated samples, the PRC-HA/MgF 2 coated samples perform better and always show the lowest hydrogen evolution amount. By approximate calculation, the corrosion rates of the substrate, TED-HA/MgF 2 coated samples and PRC-HA/MgF 2 coated samples are 8.97 mm/y, 2.21 mm/y, and 0.96 mm/y, respectively. The evolved H 2 from the samples coated with PRC-HA/MgF 2 seems to be tolerated by the human body [36] . The hydrogen evolution results indicate that PRC-HA/MgF 2 could effectively prevent the substrate from rapid corrosion. Fig. 9 shows SEM images of TED-HA/MgF 2 and PRC-HA/MgF 2 coatings immersed in SBF for 10 days. The samples coated with TED-HA/MgF 2 have been corroded seriously, leaving cracks and visible bare Mg alloy part on the surface, while the PRC-HA/MgF 2 coating retains integrity. In Fig. 9(a) , aggregation phenomenon of TED composite coating ( Fig. 2(a) ) is not observed after 10 days immersion, and apparently, the bare Mg alloys part ( Fig. 9(a) ) may be covered by the aggregation part before immersion test. The poor bonding strength and loose structure both result in the aggregation parts peeling off the substrate during the immersion process. In Fig. 9 (b) , the PRC-HA/MgF 2 coating presents hexagonal structure, which is slightly different from the coating structure before immersion test, but is similar to typical HA structure. It means that PRC-HA/MgF 2 coating could absorb Ca 2þ , PO 4 3À from SBF solution rapidly, which can form hexagonal structure-apatite on the surface. According to the photographs, the hexagonal structure-apatite seems to in-situ grow on the top of nano-rod-like HA. It can be attributed to the effect of nano-sized HA, which highly increases the area of interface between PRC-HA structure and SBF, thereby highly enhanced the absorption of Ca 2þ , PO 4 3À in SBF solution.
Immersion test
Meanwhile, no visible precipitates appears on TED-HA/MgF 2 surface after immersion. That is because the submicron scale coating provides fewer interface for the deposition of apitite compared with the nano scale coating. In addition, previous research has demonstrated that the large amount of Mg 2þ could restrain the precipitation of apitite [36e38], which provides evidence that TED-HA/MgF 2 coated samples have suffered serious corrosion during the immersion period.
Conclusions
In this work, HA coating is successfully prepared by PRC on fluoride coating supported on MgeZneCa alloys and the composition, microstructure and corrosion resistance properties of PRC-HA/MgF 2 coatings are evaluated. Compared with the TED-HA/MgF 2 coating, PRC-HA/MgF 2 coating was dense and uniform and the surface presents nano-rod-like structure with the rod diameter ranging from 50 nm to 80 nm. The nano-rod-like coating enhances the corrosion resistance of the as-extruded Mg alloy, and the corrosion current density decreases by nearly two orders of magnitude. The results of immersion tests indicate that the PRC-HA/MgF 2 coating presents better biological activity and higher corrosion resistance. Thus, compared with TED-HA/MgF 2 coating, the PRC-HA/MgF 2 composite coating has greater potential to be used as biological materials.
